Wind tunnel experiments by the present authors have shown that a large crossflow oscillation can be induced on the upstream cylinder in cruciform cylinder system by two types of longitudinal vortices, i.e. trailing and necklace vortices. In this study, experiments on this phenomenon are carried out in a water tunnel over a Reynolds number range comparable with that of the wind tunnel experiments to investigate the effects of the mass ratio M R and the Scruton number S c. The alternating lift coefficient C LR for Kármán vortex excitation in water flow agrees well with that in air flow in spite of the large differences in M R and S c between them. However, the value of C LR for the trailing vortex excitation is much lower in water flow and no definite excitation due to the necklace vortex is observed.
Vortex Excitation Caused by Longitudinal Vortices Shedding from Cruciform Cylinder System in Water Flow

Introduction
It is well known that the periodic shedding of Kármán vortices frequently causes crossflow oscillation of a circular cylinder in uniform flow. Due to the importance of Kármán vortex excitation in practical engineering, and its interest for fluid mechanics, numerous methods have been proposed so far to control this excitation. In our previous study, it was shown that Kármán vortex excitation in air flow is effectively suppressed by another cylinder in cruciform arrangement set downstream with a proper gap between them (1) . However, it was also found that a new crossflow oscillation is induced to the upstream cylinder in this cruciform cylinder system caused by periodic shedding of longitudinal vortices around the crossing (2) , (3) . The configuration of these vortices depends on the gap-to-diameter ratio s/d between the two cylinders, i.e. the trailing vortex sheds when s/d ≤ 0.25 and the necklace vortex when 0.25 ≤ s/d ≤ 0.5 as illustrated in Fig. 1 (4) . The longitudinal vortex shedding from fixed cruciform system (4) has been investigated by the present authors both in air and water flows, as shown in Fig. 2 (4) . On the other hand, the oscillation behavior of air and water flows cannot be similar since the fluid forces acting on the oscillating cylinder are markedly different between the two fluids due to the large differences in their density and viscosity.
The specific aim of this study is to investigate the longitudinal vortex excitation of the upstream cylinder in cruciform system in water flow over a Reynolds number range equivalent to the wind tunnel experiments reported so far, in order to investigate the phenomenon in fluids with very different properties. 
Nomenclature
Dimensional Analysis
The structure supporting the upstream cylinder and the flow phenomenon are modeled as in Fig. 3 . From the dimensional analysis, the non-dimensional oscillation amplitude Z A * is given as a function of six non-dimensional parameters as
When the bodies and their arrangement in the flows are geometrically similar and the dependence on Reynolds number Re is assumed to be insignificant,
Here, S c −1 is used since Z A * is proportional to the inverse of the Scruton number S c if the phenomenon can be assumed to be a linear vibration. Hence, the influence of the fluid properties, i.e. the density and the viscosity, on the oscillation behavior appears as the difference in Z A * ∼ U * curves depending on the mass ratio M R and S c −1 .
Experimental Apparatus and Measuring System
An outline of the water tunnel used in this experiment and the supporting structure of the cruciform cylinder system is shown in Fig. 4 . The measuring section of the water tunnel has a 100 mm square cross section and a 500 mm length. The diameter d of the cylinders is 10 mm. The influence of the blockage ratio on the vortex shedding was considered insignificant for these cylinder and measuring section dimensions (5) . The upstream cylinder is supported by twin-plate-springs at both ends outside the measuring section so as to make the motion pure crossflow mode, while the downstream cylinder is mounted rigidly on a traversing device to adjust the gap s. End plates are attached to the upstream cylinder near the sidewalls of the Fig. 4 Water tunnel, cruciform cylinders and supporting structure Table 1 Experimental conditions for single cylinder systems Table 2 Experimental conditions for cruciform cylinder systems measuring section to remove the influence of flow through the slots (6) . The free flow velocity U is set over the range of 0 −5 m/s by adjusting the flow rate, bringing the Reynolds number up to 50 000, which is comparable with that of the wind tunnel experiment (3) . At free stream velocity U = 2.1 m/s, the velocity profile is uniform and the turbulence level is less than 0.3% except in the region within 10 mm of the wall. The displacement Z at the end of the upstream cylinder is measured by a laser displacement sensor. Since the displacements at the both ends are shown to coincide with each other, the motion is assumed to be virtually translational in the z-direction. Hence, Z rms and a spectrum S Z in this paper are obtained from Z detected at one end. The spectrum S Z was averaged over twenty sets of data.
The natural frequency f n and the logarithmic damping factor δ are determined from a free damping oscillation in the water tunnel at U = 0. The effective mass is then calculated by m e = k/(2π f n ) 2 using the measured value of the spring constant k. Experimental conditions for the single cylinder and for the cruciform cylinder systems are summarized in Tables 1 and 2 , respectively. After the case of a single cylinder, experiments on the cruciform system with the gap-to-diameter ratios s/d=0.08 and 0.28 were carried out, since these were the values at which the trailing and the necklace vortex shedding frequencies were most regular and the longitudinal vortex excitations for an elastically supported system are the largest in the wind tunnel experiments (3) , (4) .
Experimental Results
The oscillation amplitude of the upstream cylinder expressed by the root-mean-square value of the displacement Z is plotted against the free flow velocity, together with the oscillation frequency f Z obtained from the spectrum of Z, in Figs. 5, 7 and 8 for the cases of s/d = ∞ (single cylinder), 0.08 and 0.28, respectively. Subscripts 1 and 2 for f Z in these figures stand for the frequencies of the first and the second highest peaks in a spectrum S Z of displacement. The horizontal broken line stands for the natural frequency of the system f n , and the solid line for the natural vortex shedding frequency f v0 for the corresponding vortex shedding frequency estimated from the St-Re curves in Fig. 5, i .e. Z rms is large and S Z has only one peak at f n over a velocity region including the velocity at which f v0 = f n . Note that f v0 for the Kármán vortex is calculated using S t = 0.21. At a velocity outside the vortex excitation region, the motion is a forced vibration under an exciting force with a spectrum contain- ing a dominant peak at the vortex frequency f v = f v0 , resulting in S Z with two very low peaks at f n and f v0 . No significant hysteresis behavior is observed in this case of a single cylinder. In Fig. 6 , the suppression ratio of the Kármán vortex excitation obtained by setting the downstream cylinder in a cruciform arrangement is compared with the data for the wind tunnel. Although the region of s/d where the oscillation is damped is significantly smaller in the water tunnel, it can be confirmed that the downstream cylinder has a similar suppression effect in water flow.
2 Trailing vortex excitation (s/d = 0.08)
When s/d=0.08, behaviors of the oscillation amplitude Z rms and the frequencies f z1 and f z2 in Fig. 7 (a) resemble those shown in Fig. 5 , except that the velocity region of the large oscillation extends on both sides of the velocity at which the natural shedding frequency f v0 of the trailing vortex estimated from the wind tunnel data is equal to f n . The spectra S Z in Fig. 7 (b) show that the vortex shedding synchronizes with the cylinder oscillation over the velocity range with large oscillation amplitude, while outside the velocity range there are two low peaks at f n and f v0 in S Z . This is because outside the synchronization range the fluid force has a spectrum extending over a frequency range including f n with a peak at f v0 f n , while within the synchronization range it is concentrated at f n . Thus, results in Fig. 7 confirm that the oscillation is resonance due to the trailing vortex as observed in the wind tunnel.
In Fig. 7 (a) , the maximum value of Z rms is considerably different between the cases of increasing and decreasing U, while the range of Ufor large oscillation coincides. In another experimental run, a significant difference in the large oscillation range of U was observed between the cases of increasing and decreasing U. However, this hysteresis behavior was not as precisely reproduced when the experiments were repeated. Fig. 8 (b) that there are two oscillation components when U < 2 m/s. The lower frequency component is considered to be forced oscillation by the necklace vortex since f z1 or f z2 agrees well with f v0 given by the solid line in Fig. 8 (a) . The higher frequency component is attributed to the resonance of the natural frequency component f n to the random exciting force in the fluid force. When U is increased still more, the two peaks in S Z merge into a single sharp peak as shown in Fig. 8 (b) . The oscillation amplitude increases rapidly with U over the region 3 m/s < U < 3.5 m/s, and maintains a relatively high level up to the maximum velocity of the water tunnel apparatus. However, an unexpected finding is that the region for the large oscillation begins at a considerably higher velocity than the velocity at which f v0 = f n . Hence, it could not be determined from this experiment whether the large oscillation is caused by the necklace vortex or 
Discussion
To compare water tunnel and wind tunnel experimental results, it is more rational to use the alternating lift coefficient than the non-dimensional oscillation amplitude Z A * . The alternating lift F L is assumed in the form of Eq. (3), which defines the alternating lift coefficient C LR . The relationship between Z rms and the rms value of F L is given by Eq. (4) if the motion is assumed to be a linear vibration. Thus the rms value of the alternating lift coefficient (C LR ) rms is estimated from Z rms by using Eqs. (3) and (4).
Since the Strouhal number S t for the vortex shedding frequency depends on the configuration of the vortices and the Reynolds number Re, the oscillation behaviors are more fairly compared by introducing the relative deviation of vortex shedding frequency, ( f v0 − f n )/ f n , instead of the reduced velocity U * . Here, f v0 is estimated from the S t-Re curves for the wind tunnel data in Fig. 3 . Figure 9 shows the (C LR ) rms − ( f v0 − f n )/ f n curve for Kármán vortex excitation, where agreement between the cases of water and air flows is excellent both in the range of occurrence of excitation and in the magnitude of the alternating lift coefficient in spite of the large difference in the mass ratio.
In contrast, agreement of the (C LR ) rms − ( f v0 − f n )/ f n curve for the trailing vortex excitation between water and air flows is only qualitative, as seen in Fig. 10 . It should be noted here that (C LR ) rms for the longitudinal vortex is cal- Fig. 11 Trailing vortex excitation region on the (
culated based on the spanwise length of vortex shedding length (3) but not on the effective length of the upstream cylinder. Figure 11 shows the occurrence region of the trailing vortex excitation on the (
Equation (2) obtained by dimensional analysis shows that the occurrence region of a vortex excitation on the plane should coincide for geometrically similar systems with an equal mass ratio. Therefore, the dotted line for the contour line of excitation region obtained from the wind tunnel data gives the criterion of occurrence of trailing vortex excitation under general conditions with a fixed mass ratio, i.e. M R = 360. Hence, the discrepancy in the data of water tunnel experiment shown by the lower branch of the dotted line may be caused by the difference in M R .
Conclusions
In this work, experiments on the crossflow oscillation of the upstream cylinder in a two-cruciform-circularcylinder system were carried out in a water tunnel over a range of Reynolds number where previous wind tunnel experiments had shown occurrence of two types of longitudinal vortex excitation.
Although the mass ratio and the Scruton number in water flow are largely different from those in air flow, the behavior of Kármán vortex excitation of a single cylinder agrees well between the two fluid flows when it is expressed in terms of the alternating lift coefficient (C LR ) rms versus relative deviation of vortex shedding frequency ( f v0 − f n )/ f n . The downstream cylinder is effective in suppressing the Kármán vortex excitation in water flow, as is also the case in air flow.
Trailing vortex excitation is observed when the gapto-diameter ratio s/d = 0.08 in water flow, as was earlier found in air flow (2) , (4) . However, the relationship between (C LR ) rms and ( f v0 − f n )/ f n in water flow is quite different from that of air flow in the sense that the values of (C LR ) rms are much lower and the occurrence of oscillation is limited to a smaller range of ( f v0 − f n )/ f n .
When s/d = 0.28, oscillation corresponding to the necklace vortex excitation was not as clearly discerned as in air flow. Instead, when the flow velocity was increased, a large oscillation began at a velocity higher than the value for the necklace vortex excitation expected from the wind tunnel data. The oscillation remained large till the velocity attained the maximum of the apparatus.
Based on the dimensional analysis, the different behavior of the alternating lift coefficient for each vortex excitation in air and water flows may be attributed to the large difference in the mass ratio in the two flows.
